ABSTRACT Augmented reality smart glasses (ARSG) are increasingly popular and have been identified as a vital technology supporting shop-floor operators in the smart factories of the future. By improving our knowledge of how to efficiently evaluate and select the ARSG for the shop-floor context, this paper aims to facilitate and accelerate the adoption of the ARSG by the manufacturing industry. The market for ARSG has exploded in recent years, and the large variety of products to select from makes it not only difficult but also time consuming to identify the best alternative. To address this problem, this paper presents an efficient step-by-step process for evaluating the ARSG, including concrete guidelines as to what parameters to consider and their recommended minimum values. Using the suggested evaluation process, manufacturing companies can quickly make optimal decisions about what products to implement on their shop floors. This paper demonstrates the evaluation process in practice, presenting a comprehensive review of currently available products along with a recommended best buy. This paper also identifies and discusses topics meriting research attention to ensure that the ARSG are successfully implemented on the industrial shop floor.
I. INTRODUCTION
The fourth industrial revolution is here, involving a paradigm shift towards smart factories that use new technologies and production philosophies to realize short product lifecycles and extreme mass customization in a cost-efficient way [1] , [2] . The smart factory concept is intended to enable extremely flexible production and self-adaptable production processes with machines and products that act both intelligently and autonomously by implementing concepts such as the Internet of Things and cyber-physical systems [3] . This paradigm shift and new way of undertaking production will dramatically change conditions for operators working on the shop floor, as their work tasks will no longer be static and predetermined, but instead dynamic and constantly changing [4] , [5] . This will put high demands on operator ability to be flexible and adaptable. To successfully meet these demands, operators must be equipped with efficient technology that supports optimal decision making and action. In recent years, augmented reality smart glasses (ARSG) have been identified as a powerful technology supporting shop-floor operators undertaking various tasks such as assembly, maintenance, quality control and material handling. Initial studies have produced successful results and gains with respect to both productivity and quality have been reported [6] , [7] . ARSG are essentially a head-up transparent display integrating a wearable miniature computer that adds virtual information to what the user sees [8] . The overlaying of virtual information on the real worldview is called ''augmented reality,'' and applying this concept makes it possible to enhance a human's perception of reality [9] . ARSG are hands-free devices that present information at eye level, just where it is needed, making them an ideal user interface for an industrial operator. Furthermore, using camerabased object recognition, ARSG can detect the specific object the user is looking at, providing context-aware information dynamically adjusted to the specific situation [8] . Equipping operators with ARSG therefore makes it possible to automatically provide the exact information needed, at the right time and place, to handle a specific situation or work task optimally.
A. Syberfeldt et al.: ARSG in the Smart Factory: Product Evaluation Guidelines and Review of Available Products The obvious benefits of ARSG have caused interest in the technology to grow rapidly in recent years, and their development is currently driven by several business sectors, such as gaming, sports, and tourism. Shipments of ARSG are expected to explode in coming years, increasing from 114,000 units shipped in 2015 to 5.4 million units shipped in 2020 (Fig. 1 ). In total, it is expected that around 12.2 million units will be shipped over this five-year period, for annual growth of 115% [10] .
There are many vendors of ARSG and a vast range of products to choose from on the market, but despite this general availability, very few manufacturing companies have adopted ARSG. At first glance this might seem surprising considering the obvious benefits of using ARSG on shop floors, but at least two major reasons can be identified for this lack of adoption. First, today's products are primarily marketed either as general consumer products (typically targeting entertainment, sports, and/or gaming) or as professional office products (typically targeting product design). Second, the products are highly heterogeneous with large differences in design, technology, and functionality that make it very difficult to assess their strengths and weaknesses from a holistic perspective and to compare products with each other. This vast range of heterogeneous products makes it both complicated and time-consuming for a manufacturing company to identify the optimal product for its unique shopfloor context, and this fact creates a threshold for adopting ARSG. In this study, we intend to eliminate this threshold and facilitate the quick and convenient introduction of ARSG on industrial shop floors. This is done by suggesting an efficient step-by-step process for evaluating ARSG based on several concrete parameters. These parameters are provided with recommended values that are set, and justified, from the shop-floor perspective. The rationale is that by using the suggested process, manufacturing companies can efficiently perform evaluations and quickly make optimal decisions as to what products to buy. To demonstrate how the process works in practice, a comprehensive review and evaluation of ARSG currently available on the market is undertaken as part of the study. Based on careful analysis of the evaluation results, we formulate a general recommendation as to the current best product to buy for the shop floor. Furthermore, the paper also identifies several important topics meriting future research attention in order to ensure the successful implementation of ARSG on industrial shop floors.
The next section continues by describing the concepts of ARSG and augmented reality in greater detail for readers unfamiliar with the concepts. The suggested evaluation process and its application for evaluating currently available products are thereafter presented in sections III and IV, respectively. The findings of the evaluation are discussed in section V, while section VI presents the conclusions of the study and outlines important topics for future research. 
II. BACKGROUND
The concept of augmented reality was introduced in 1992 to denote a head-up, see-through display that Caudel and Mizell [11] had designed as part of a research project. Caudel and Mizell [11] described the concept as follows: ''This technology is used to 'augment' the visual field of the user with information necessary in the performance of the current task, and therefore we refer to the technology as 'augmented reality''' [11, p. 660] . It is important to distinguish between augmented reality and virtual reality as these two concepts are not the same [12] . In virtual reality, users are completely immersed in a virtual world and cannot see the real world around them. In contrast, augmented reality merges the virtual and real worlds by overlaying virtual information on the user's perception of the real world. Azuma [13] defines augmented reality as a system having three characteristics: (a) the ability to combine real and virtual objects, (b) the ability to be interactive in real time, and (c) the ability to use 3D objects. It should be noted that augmented reality includes more senses than just the visual, potentially applying to all senses, including hearing, touch, and smell [14] . Examples of information that can be overlaid on the real environment in order to create augmented reality are images, audio, video, and touch or haptic sensations [12] . Today, the broad adoption of augmented reality is seen mainly in gaming, sports, and tourism and new solutions targeting these business areas are developing rapidly. The major breakthrough of augmented reality occurred in 2016 when the popular game Pokemon Go (Fig. 2) was released around the world. The implementation of augmented reality is generally based on some form of real-world anchor used for navigation and to provide context-based information to the user [15] . The most common form of anchor is a unique pattern image such as a data matrix, but other forms of anchors can be used, such as a geometric form that the system can detect automatically. By connecting virtual objects to anchors, it becomes possible to orient and also correlate virtual objects to real-world objects [15] . To enable the user to see the virtual objects and interact with the system, some sort of hardware device is used. There are three categories of such devices [16] : (a) head-worn devices, (b) hand-held devices, and (c) spatial devices. These devices implement one of the following types of optics to visualize information to the user:
• Video-the real and virtual worlds are merged into the same view and the user's view is completely digital
• Optical-virtual objects are overlaid directly on the view of the real world
• Retinal-virtual objects are projected directly onto the retina using low-power laser light
• Hologram-virtual objects are shown in the real world using a photometric emulsion that records interference patterns of coherent light
• Projection-virtual objects are projected directly onto real-world objects using a digital projector An overview of the various devices and type of optics implemented is shown in Fig. 3 .
The various devices and optics used to realize augmented reality each have strengths and weaknesses, depending on the purpose of the particular application. For the industrial shop floor, glasses are generally superior since they free the operator's hands and are mobile and easily portable. As previously mentioned, there is a wide variety of ARSG implementing various technologies and coming in various designs. Some glasses provide a simple head-up display that serves as a second screen accessible at a glance, while others implement more complex solutions such as retinal projection or holographic display. A typical pair of ARSG is shown in Fig. 4 .
The next section presents guidelines for evaluating ARSG along with a discussion of the relevant parameters to consider in the evaluation. 
III. GUIDELINES FOR EVALUATING AND SELECTING AUGMENTED REALITY SMART GLASSES
To help manufacturing companies efficiently identify the best of the vast range of alternative ARSG, this paper suggests a structured and straightforward process that guides the user through the evaluation and selection of ARSG. The guidelines are specifically designed for ARSG to be used on the industrial shop floor and the process includes three major steps covering the assessment of a total of 18 parameters, as described in the following.
A. STEP 1: CREATE A LIST INCLUDING ALL PRODUCTS THAT FIT THE PURCHASING BUDGET
The first thing to do is to find out how much money is budgeted for a pair of ARSG. Many elaborate and ''exclusive'' glasses are on the market, but if they are unaffordable, it is a waste of time evaluating them. To determine the maximum cost per pair of glasses, first count how many operators on the shop floor will use glasses simultaneously, and then add 10-20% to that number to provide spares in case of breakage. The purchasing budget is then divided by the number of glasses needed, giving the upper cost limit per pair of glasses. Now identify all products available on the market that fit the budget. An Internet search is the best way to start, using search terms such as ''augmented reality smart glasses'', ''augmented reality glasses'', ''augmented reality head-up displays'' and ''smart glasses''. Reviews of white papers and research articles as well as direct contacts with various retailers are also useful for finding products. When conducting the inventory, one should keep in mind that many vendors market products that are just prototypes or not yet available for purchase, so ensure that the products identified as interesting can really be bought as ready-made off-the-self products.
B. STEP 2: SHORTEN THE LIST BY ELIMINATING OBVIOUSLY UNSUITABLE PRODUCTS
When the list of potential products is complete, the next step is to evaluate these products based on a few critical parameters. The aim of doing this is to quickly narrow down the list so as not to waste time comprehensively evaluating products that are ultimately not of interest. We have identified five parameters specifically relevant to an industrial shop floor that should be evaluated in this step: (1) powering, (2) weight, (3) field of view, (4) battery life, and (5) optics. These five parameters are discussed further below and settings are recommended. Removing from the list all products not meeting the recommended settings results in a limited number of affordable products that fulfill the basic requirements and merit further evaluation in the next step of the process.
• Powering ARSG can be powered in two ways, through either a battery pack or an ordinary computer. For the industrial shop floor, battery power is essential as it is impossible for an operator to carry a computer throughout the workday (or even for shorter periods). Some ARSG come with computer powering only and should be eliminated immediately as they are unusable in practice by industrial operators.
• Weight Since ARSG are meant to be worn more or less the whole day by operators, their weight is critical. A pair of normal glasses weighs about 20 grams, but no ARSG available today are even close to this weight. To be realistic, we set the recommended upper limit to 100 grams (about five times the weight of normal glasses) to allow most users to wear the glasses for at least a few hours. If glasses are much heavier than 100 grams, we believe they will cause too much physical strain and affect the operator negatively.
• Field of View The field of view denotes the area in which virtual objects can be seen via the ARSG, as illustrated in Figure 5 . The field of view is a crucial parameter as it directly affects how much information can be shown to the user and where it can be placed. The horizontal field of view is especially important, as a large horizontal field of view makes it is possible to display information on the periphery, keeping the center of view clear for seeing the real world. A human's natural field of view is almost 180 degrees horizontally, but today's ARSG are far from matching this. We believe that a realistic, acceptable minimum field of view in ARSG is 30 degrees (horizontally). A smaller field of view than this should not be accepted as it not only severely limits the information that can be presented and where, but also forces the user to constantly more his/her head to align the narrow information area with the real-world objects of interest. The drawbacks of too small a field of view and their negative impacts on the user are illustrated in Fig. 5 .
As clear from the figure, a considerably larger field of view than the recommended 30-degree minimum is highly desirable for really good user experience, but with current technology 30 degrees is reasonable.
• Battery Life As previously mentioned, an operator on the industrial shop floor is supposed to wear ARSG more or less throughout the working day and a durable battery is necessary to enable this. For integrated batteries, the battery life must be at least nine hours, or if fast charging is possible, four hours (since the battery can then be recharged during the lunch break). For non-integrated batteries that can be hot-swapped, the battery life should be at least two hours since swapping more frequently than every other hour would be too time-consuming.
• Optics As described in section II, three types of optics can be implemented in ARSG for visualizing information: video, optical, and retinal projection. For the industrial shop floor, a product that implements either an optical or a retina-based solution should be selected and videobased solutions should be avoided. Video-based solutions unavoidably have latency in what the user sees compared with what is happening in the real world. This is because time is required to capture the video feed of the real world, merge graphic objects with it, and then show it to the user. Furthermore, with video, the operator's sight is completely digitized and technology dependent, which is too risky in case of, for example, a power failure in the glasses. There are indeed videobased glasses that implement only a very small video screen that does not completely digitize the user's sight, but these solutions are problematic in that they create a blind spot in the user's field of view. The industrial shop floor is generally a high-risk environment with automated machines, robots, trucks, chemicals, etc., and it is critical that the operator's sight not be negatively affected, so that he/she can be constantly aware of what is happening in the environment. With optical seethrough, the graphic image is projected directly on the real world, making it possible to directly synchronize what the user sees with the information shown. The advantages of optical see-through are that the user has a direct, unaltered view of the real world without any latency and that the graphic information can be exactly overlaid on real-world objects. We argue that these advantages of optical see-through make the solution much more suitable for the industrial shop floor than is video see-through, as information shown to the operator must be in exact real time for the operator to be efficient and not become frustrated.
C. STEP 3: MAKE A COMPREHENSIVE EVALUATION OF ALL REMAINING PRODUCTS AND SELECT THE BEST ONE
Step 2 will have provided a list of affordable products that meet the most important demands, and now it is time to comprehensively evaluate these products. We have identified VOLUME 5, 2017 12 parameters that we recommend evaluating in this step to ensure that the best product is ultimately identified. It might seem like a lot of work to evaluate 12 parameters, but most parameters are quantitative and therefore easily assessed and, since steps 1-3 of the process have helped shorten the list, only a few products are left to evaluate in this step. The parameters to be evaluated are described in Table 1 along with recommended minimum/maximum values and explanations of why they are relevant. For the table to be complete and include all parameters considered in the evaluation as a whole, the four parameters from step 2 are also included. The next section continues by describing how the parameters presented in the table have been used to evaluate products currently available on the market.
IV. REVIEW OF AUGMENTED REALITY SMART GLASSES CURRENTLY ON THE MARKET
This section presents a comprehensive market inventory and evaluation of ARSG, starting in section A with a presentation of the research method used in the study, followed in section B by an overview of the identified products.
A. RESEARCH METHOD
The research method chosen for the product evaluation is that of a systematic review, which defines a structured process for identifying and analyzing artifacts (in this case ARSG) from multiple sources [17] . A systematic review is based on a clearly formulated question, identifies relevant artifacts to evaluate, and appraises the quality of these artifacts based on explicit criteria [17] . The systematic review performed here follows the five standard phases described, for example, by Khan et al. [18] , as follows:
The question to be answered by this review is: Which of the ARSG available on the market is best suited to the industrial shop floor? This question is formulated in line with the overall purpose of the paper, to provide the manufacturing industry with recommendations as to the choice of ARSG to adopt on shop floors.
2) PHASE 2: IDENTIFY RELEVANT ARTIFACTS
In a systematic review, the artifacts to be studied should match certain explicit criteria. In this case, the following three keywords were used as matching criteria in searching for products:
-smart glasses -augmented reality glasses -augmented reality head-up display The keywords were used separately, that is, matching one criterion (i.e., keyword) was enough for a product to be included in the review. The search for products was extensive and continued for six intensive weeks, to achieve a complete market inventory. The search was conducted very carefully by four independent researchers to reduce the risk of missing any relevant product to an absolute minimum. The Internet was the main resource for finding products, but business reports, research papers, white papers, and trend reports were also sources for the study. It should be noted that only products currently available for sale were included in the study, meaning that concept solutions and prototypes were excluded.
3) PHASE 3: ASSESS THE QUALITY OF THE ARTIFACTS
The relevant products identified were assessed based on the parameters defined in Table 1 . Technical specifications and information on vendor websites were the main sources of information. In cases in which information for answering a specific question was missing, the vendor was contacted and asked for information. Some vendors chose not to share specific information, however, and for those products certain parameters remained unknown.
4) PHASE 4: SUMMARIZE THE FINDINGS
The parameter values of all products were compiled into tables following the same format as Table 1 to give a convenient overview and facilitate comparison. After compiled into tables, all product information gathered was double checked by a person other than the one who originally found it to ensure that it was completely correct.
5) PHASE 5: INTERPRET THE FINDINGS
In this last step of the systematic review, the products were carefully analyzed and their strengths and weaknesses concerning industrial shop-floor application were identified. Based on the findings, recommendations were formulated for the industry.
In the following subsection, the results of steps 2-4 are presented. Results of step 5 are presented in section V.
B. OVERVIEW OF IDENTIFIED PRODUCTS
A careful search for ARSG found a total of twelve products, presented alphabetically in Table 2 . The search was performed January 2017. As previously mentioned, only ARSG that are currently for sale and can be bought by anyone are included in the review. Products ''to be released soon'' were not considered, nor were products available only in the form of developer kits that ''ship only to selected partners''. It can be noted that many products fall into these two categories, for example Microsoft's HoloLens, Eyesight Raptor and Magic Leap.
The next section continues by discussing the presented products and providing recommendations based on the findings.
V. COMPARATIVE EVALUATION AND RECOMMENDATIONS
This section discusses the identified products based on their parameter values and provides a comparative evaluation and analysis of the products. Furthermore, recommendations as to which products are the most suitable for the industrial shop floor are given. 
A. OVERALL COMPARISON OF PRODUCTS
The 12 products found in the review are discussed based on the 18 parameters evaluated and comparative remarks are made.
1) PRICE
The price range is really wide for ARSG: the cheapest reviewed glasses cost USD 499 (Recon Jet) while the most expensive ones cost USD 3995 (Atheer AiR Glass). We believe that for ARSG to be used extensively in the manufacturing industry and worn by virtually all shop-floor operators, the price must be modest so that companies can afford them. Obviously, the price limit depends on the purchasing budget of the company, but we estimate that the maximum cost is generally around USD 1000. A price much higher than this will often create a threshold for making the investment, especially since of a pair of ARSG-like wearable consumer products in general-cannot be expected to last much longer than a few years. However, one can certainly expect ARSG prices to decline significantly in coming years, as they start to become broadly adopted and therefore massproduced consumer products (similar to the development of mobile phones).
2) POWERING
Of the 12 products found, only one comes with computer powering only-Penny C Wear Extended. This model is connected to an external computer, which can be quite small and also possibly battery powered. That virtually all products are battery powered is a positive sign, meaning that there are many products that could potentially be used on the industrial shop floor.
3) WEIGHT
As with the price, the weight range of the glasses is large. The lightest glasses weigh around 70 grams (Penny C Wear Extended, Epson Moverio BT-200, Vuzix M100, and SmartEyeglass), while the heaviest weigh VOLUME 5, 2017
five times more-350 grams (Atheer AiR Glass). As previously mentioned, a normal pair of glasses weighs about 20 grams, meaning that even the lightest pair of ARSG weighs several times as much as normal glasses. We believe that this is serious problem, as even the lightest pair of ARSG will likely cause physical strain if worn for extended periods. As it is now, in practice ARSG can only be used for limited periods, possibly one or a few hours, before the operator needs to take them off. This is a serious problem that the manufacturers of the glasses much carefully address in upcoming product series.
4) FIELD OF VIEW
Field of view is an important parameter for ARSG as it defines the area in which the user can see augmented-reality content while wearing the glasses. The reviewed glasses have horizontal fields of view ranging from 10 • (Recon Jet) to 46 • (Atheer AiR Glass). Remarkably, many products have a really small field of view of 20 • or less. A small field of view might work for applications in domains such as sports or tourism, but for applications on the industrial shop floor, too small a field of view is unacceptable and makes the glasses practically unusable.
5) BATTERY LIFE
The battery life of the reviewed glasses ranges from 1 hour (Sime G3) to 8 hours (Atheer AiR Glass). It should be noted that the battery life is highly dependent on how the glasses are used and how much computing power is consumed (the operator might not use the full functionality of the glasses constantly). When stating the battery life, the vendors are unspecific about the conditions under which the stated battery life was measured, so the values provided by the vendors should be interpreted with some caution.
6) OPTICS
Of the reviewed products, four implement video see-through (ODG R-7, Recon Jet, Sime G3, and Vuzix M100) and eight optical see-through. As discussed in section II, videobased solutions have several drawbacks in the context of the industrial shop floor and should therefore be avoided. What the user sees in the augmented video feed and the real world cannot be fully synchronized in video-based solutions; furthermore, either the user's sight is completely digitized or, if only a small screen is used, a blind spot is created in the user's sight. With optical see-though, the user has a direct, unimpeded view of the real world without any latency, so this solution should be selected for the industrial shop floor.
7) CAMERA
All products except Penny C Wear Extended integrate a camera that supports documenting scenarios and can send live video streams to a remote expert. However, two of the products integrate a camera whose quality is probably insufficient for the intended application scenario, namely, Epson Moverio BT-200 and Recon Jet. The camera in the first product supports a resolution of only 0.3 MP, while the camera in the second products supports 1.2 MP. Such low resolution results in pictures and videos of low quality that is generally unacceptable.
8) OPEN API
All reviewed glasses provide an open API and support thirdparty development. This is positive, as it enables buyers to develop their own software and to customize the user experience according to the scenario at hand. Industrial operators often face complex work tasks that require advanced functionality in the user interface, functionality seldom provided by the original system. An open API permits full customization of the user interface and of how the system works, and without this capability the ARSG would be more or less useless for industrial applications.
9) AUDIO
All reviewed glasses except Penny C Wear Extended have an integrated microphone and speakers. As discussed, a microphone is essential for enabling the user to use voice commands and to communicate with other operators or the team manager, while speakers are essential for communication and for complementing the user's visual view with voice instructions. The fact that almost all products integrate both microphone and speakers is positive and facilitates their adoption on the industrial shop floor.
10) SENSORS
A wide variety of sensors are supported by the reviewed glasses: inertial measurement unit, gyroscope, compass, camera, accelerometer, GPS, gesture tracking, spatial tracking, barometer, hygrometer, pressure, ambient light, and IR. All products support multiple sensors, although no single product supports all the aforementioned sensors. Which sensors are needed depends on the particular application scenario, and it is impossible to pinpoint specific sensors that are more critical than others. However, in general, the more sensors the better, as they allow the ARSG to be used for many purposes and in many application scenarios.
11) CONTROLS
The reviewed products implement various kinds of functionality for controlling and interacting with the glasses. All products except Penny C Wear Extended support voice control, either through built-in functionality or by integrating a microphone combined with supporting the Android OS, which is shipped with voice control. Voice control support is clearly advantageous, as it makes it possible for the user to control the system while his/her hands are occupied. This happens frequently on the industrial shop floor, for example, when undertaking maintenance, assembly, or quality controls. Two of the products (Vuzix M100 and Atheer AiR Glass) also support gesture control in addition to voice control, which is also a great advantage. With gesture control, it becomes possible for the user to interact with the system in noisy environments where voice control is impossible, which are common in industry. With gesture control, it also becomes possible for the user to provide the system with spatial information, which is impossible with voice control only. Supporting both voice and gesture control is doubtless a strength, as the benefits of both can be utilized. It should be noted that Penny C Wear Extended supports hands-free control through a jaw bone click sensor, but this functionality is limited to simple selections/confirmations in the user interface and no sophisticated commands can be given.
12) PROCESSORS
Since ARSG are supposed to provide the operator with information in real time and potentially undertake quite complex graphics rendering, it is important that they have enough computing power. We recommend a dual-core processer as a minimum, as this is usually powerful enough and permits the distribution of parallel computation over four cores. Of the 12 reviewed products, three are equipped with a single-core processor considered too weak for heavier processing (Laster Wave, Recon Jet, and SmartEyeglass).
13) STORAGE
The amounts of data that can be stored by the reviewed glasses differ greatly, ranging from 4 GB (Optinvent ORA 2) to 256 GB (Penny C Wear Extended). We recommend at least around 30 GB of storage, as we believe that it is important that graphic objects, videos, and audio files be locally storable in the glasses, to ensure that they can be used without a WiFi connection or if the connection is unreliable.
14) MEMORY
The memory capacities range from 512 MB (Laster Wave) to 4 GB (Penny C Wear Extended, which is connected to a computer). Half of the products implement 1 GB of RAM or less (Epson Moverio BT-200, Epson Moverio BT-2000, Laster Wave, Optinvent ORA, Recon Jet, and Vuzix M100). Most of the reviewed products implement 1-2 GB of RAM. We believe that 1 GB of memory is insufficient, as the operating system as such often requires around 1 GB of RAM. In ARSG, complex real-time calculations and fast graphics rendering must be performed, so at least 2 GB of memory is needed. The larger the memory the better, as a larger share of the operations can be performed in the main memory, thereby speeding up the calculations and rendering.
15) CONNECTIVITY
All glasses reviewed support WiFi and thus the possibility of wirelessly connecting the glasses to a network, which is a clear advantage. A wireless connection makes it possible to conveniently update the software, download information content, and control the support system from a central server.
16) OPERATING SYSTEM
Android absolutely dominates the operating system market for ARSG, all products expect Penny C Wear Extended being based on this system. Android is such a big actor because this operating system has the biggest market share of mobile devices in general (e.g., mobile phones, tablets, and smart watches) in combination with the system being much more open than its competitors (mainly Windows and iOS).
17) DURABLE AGAINST DUST AND WATER
Dust is common on many shop floors, usually originating from various machining operations. Moisture and water splashes might also occur, caused, for example, by washing operations or water-based cooling. If the shop floor where the glasses are to be used is subject to dust and/or water, it is important that the ARSG provide IP capsuling that meets requirements. Electronics in general are sensitive to both dust and water and cannot withstand either for extended periods. Of the reviewed glasses, only two products are durable against dust and water-Recon Jet and EPSON BT-2000.
B. RECOMMENDED PRODUCT
To provide a general recommendation as to which ARSG to buy, while testing the suggested evaluation process in practice, the guidelines presented in section III are applied to the 12 products covered by the review. Since the recommendation is supposed to be general, the five parameters based on user preferences (i.e., price, operating system, sensors, durability against water, and durability against dust) have been omitted. The results of applying the guidelines are presented in Figure 6 and illustrated in form of a funnel that step-by-step eliminates different alternatives and in the end pinpoints a recommended product (Epson Moverio BT-300).
VI. CONCLUSIONS AND FUTURE WORK
The aim of this paper is to take the manufacturing industry one step closer to the broad adoption of ARSG by improving our knowledge of how to efficiently evaluate and select such glasses for the industrial shop floor. The paper presents a stepby-step process for evaluating ARSG, including concrete guidelines on which parameters to consider in the evaluation along with recommended settings. The idea is that by using the suggested evaluation process, manufacturing companies can quickly make optimal decisions as to what products to implement on their shop floors. The evaluation process is demonstrated in practice by undertaking a comprehensive review of products currently available on the market. The review demonstrates that many sophisticated products are available on the market today, but that they are remarkably heterogeneous. The products implement different technologies and come with different designs and features, giving them different strengths and weaknesses. The suggested evaluation process is clearly needed, since assessing the products and identifying the best buy for the industrial shop floor are non-trivial tasks in the absence of supporting guidelines. Of the currently available products, the study finds that Epson-Moverio BT-300 seems to be the best general choice for the industrial shop floor. This product is the only one that makes it through the whole evaluation process and fulfills all basic requirements. However, it should be pointed out that the technology is developing very rapidly and that new products are introduced every year, meaning that superior products might soon appear on the market. A fresh evaluation should therefore always be undertaken each time ARSG are to be bought in order to ensure an optimal choice. This review not only demonstrates the suggested evaluation process and identifies a recommended product, but also reveals that considerable work remains to be done before ARSG are really ready for mass adoption in the manufacturing industry. We have identified five topics that we believe particularly merit further examination to ensure the successful implementation of ARSG on the industrial shop floor. These topics are discussed below.
A. EXTENDING THE FIELD OF VIEW
The field of view is doubtless one of the most challenging issues in ARSG. The natural human field of view is almost 180 degrees horizontally, but the widest field of view of today's off-the-self ARSG is only 46 degrees. The field of view has a great impact not only on the user experience but also on what can actually be done with the glasses, thereby greatly affecting both the perceived and actual gains accrued from using ARSG. The manufacturers of ARSG should, we believe, prioritize extending the field of view of their products, and this parameter will likely be the determining one for customers when selecting among products. Glasses having a field of view matching that of a human must be striven for and are not unrealistic in the longer run. In the meantime, a field of view of about 90 degrees (half the human field of view) would be great and would considerably enhance the user experience.
B. MAKING THE GLASSES WEARABLE
Current ARSG are not really wearable, and this fact hinders their everyday use on the industrial shop floor. First, the glasses weigh too much and for this reason cannot be worn for extended periods. Second, most products come with a cable running from the glasses to a handheld device carried by the operator, and this cable is disturbing and often in the way. Third, it is really difficult-almost impossible-to wear the glasses if already wearing ordinary glasses. Manufacturers of ARSG have three important challenges to address to make ARSG really wearable: reducing the weight, eliminating cables, and designing products usable by people with visual defects.
C. DEVELOPING GUIDELINES FOR USER INTERFACE DESIGN
Designing user interfaces for ARSG requires a completely different approach from designing user interfaces for other mobile devices, such as tablets and smart phones. One important aspect is low information content, as the idea is to enhance the world, not block it out with lots of graphic objects. There is currently a lack of general guidelines for how to design efficient user interfaces making use of augmented reality [19] , and developing such guidelines specifically with ARSG in mind is an important research topic for the future. Only with a really good user interface can shopfloor operators get really good support in carrying out their work tasks and realizing the full benefits of ARSG.
D. ENABLING BENCHMARK EVALUATION
In line with the previous topic of user interface design, comparing designs with each other to identify the best one calls for an effective and objective benchmarking method. There is currently no such benchmark method for evaluating the efficiency of augmented reality-based design [20] , and this is a clear lack. Developing a method for the benchmark evaluation of user interfaces for ARSG merits attention in the future.
E. IMPROVING VOICE-BASED INTERACTION IN NOISY ENVIRONMENTS
Interaction with ARSG must be hands free in industrial shopfloor applications, as the operator must use his/her hands in performing work tasks. The most common way to implement hands-free interaction is through voice commands, which have been shown to work well, for example, in home and office environments. However, the industrial shop floor differs greatly from these environments in that it is subject to considerable noise from machines and transportation. In the presence of noise, voice recognition becomes a great challenge and special functionality must be implemented in the software to reduce the noise and identify the right commands VOLUME 5, 2017 with high certainty [21] . This challenge is apparently not being considered in the context of ARSG, and we believe this is an important topic for further research.
